Purpose: Congenital disorders of glycosylation are a heterogeneous group of disorders caused by deficient glycosylation, primarily affecting the N-linked pathway. It is estimated that more than 40% of congenital disorders of glycosylation patients lack a confirmatory molecular diagnosis. The purpose of this study was to improve molecular diagnosis for congenital disorders of glycosylation by developing and validating a next generation sequencing panel for comprehensive mutation detection in 24 genes known to cause congenital disorders of glycosylation. Methods: Next generation sequencing validation was performed on 12 positive control congenital disorders of glycosylation patients. These samples were blinded as to the diseasecausing mutations. Both RainDance and Fluidigm platforms were used for sequence enrichment and targeted amplification. The SOLiD platform was used for sequencing the amplified products. Bioinformatic analysis was performed using NextGENe software. Results: The disease-causing mutations were identified by next generation sequencing for all 12 positive controls. Additional variants were also detected in three controls that are known or predicted to impair gene function and may contribute to the clinical phenotype. Conclusions: We conclude that development of next generation sequencing panels in the diagnostic laboratory where multiple genes are implicated in a disorder is more cost-effective and will result in improved and faster patient diagnosis compared with a gene-by-gene approach. Recommendations are also provided for data analysis from the next generation sequencing-derived data in the clinical laboratory, which will be important for the widespread use of this technology. Genet Med 2011:13(11):921-932.
A pproximately 50% of all proteins in the human genome are N-glycosylated. 1 These N-glycosylated proteins are important for a variety of different biological processes including intracellular targeting, cell-cell recognition, protein folding, and stability and in the immune response 2 ; hence, the proper development and functioning of many organ systems depend on normal N-glycosylation. Deficient N-glycosylation results in multiple organ dysfunction that can be life threatening. 3 Congenital disorders of glycosylation (CDG) are a group of more than 30 autosomal recessive disorders caused by deficient glycosylation, primarily affecting the N-linked pathway. 4 Symptoms of CDG can include severe developmental delay, ataxia, seizures, liver fibrosis, retinopathy, cardiac dysfunction, and coagulopathies. 3, 5 CDG occurs worldwide, with an estimated prevalence as high as 1 in 20,000. 6 Significant morbidity and mortality are associated with this disorder with 20% of children not surviving beyond 5 years of age. 7, 8 Most children who do survive go on to face significant medical problems throughout their lives. Traditionally, patients are classified as having either type I or type II CDG. 3, 9 Type I CDGs are caused by defects in gene products located in the cytoplasm or the endoplasmic reticulum that create the dolichol-bound sugar chain precursors or in genes that enable transfer of these precursor glycans to proteins. 3 Type II CDGs are caused by defects in gene products that are primarily located in or associated with the Golgi apparatus where the protein-bound N-glycans are modified. 3 Combined type I and type II defects have recently been reported in a number of affected individuals, making an accurate diagnosis in these patients more of a challenge. 10 -13 The classification of different subtypes of CDG has traditionally been alphabetized according to the order of discovery, 14, 15 although the CDG nomenclature has now been updated, with the gene name followed by the suffix "-CDG" for designating different subtypes of CDG. 16, 17 The variability of symptoms, age of diagnosis, and the severity of disease within and between subtypes pose a great challenge to pediatric healthcare providers and contributes to the underdiagnosis of these disorders. 9, 18 Moreover, the phenotypes are not fully delineated for many subtypes of CDG because only a few patients have been reported. Currently, efficient treatment is only available for CDG-Ib by oral mannose supplementation, although fucose supplementation is also used for some patients diagnosed with CDG-IIc. Unfortunately, for all other subtypes, only supportive therapies and symptom-based treatments are available.
Diagnosis of CDG
The first diagnostic step to take when a clinician suspects their patient may be afflicted with CDG is to evaluate serum transferrin by isoelectric focusing or mass spectrometry. 19, 20 A diagnosis of CDG is based on an abnormal serum transferrin pattern, which can indicate whether a patient has a type I or type II defect. Although this method is a rapid screen for CDG, it cannot pinpoint the specific gene defect and is prone to both false-positive and false-negative results. 10 -12,20 Furthermore, several CDG types (CDG-IIb, CDG-IIc, and CDG-IIf) present with a normal transferrin pattern, leading to an underdiagnosis of these subtypes. 3 If biochemical analysis results in a diagnosis of CDG, it is then important to identify the gene defect because there are effective therapies for several subtypes of CDG. Established assays that measure enzyme activity are available for some gene products within the pathway. 12, 21 The N-glycosylation biosynthesis pathway can also be analyzed in patients by evaluating lipid (dolichol) linked oligosaccharide (LLO) levels, LLO structures, and the accumulation of LLO intermediates by high-performance liquid chromatography. 21, 22 This method can provide insight into the possible deficient enzyme and is very useful for diagnosing type I CDGs. Over the past 20 years, mutant strains of yeast for nearly all the steps in LLO assembly have been characterized, and comparison of patient LLO structures with the LLO structures of yeast mutants can also pinpoint the specific defect in a patient. [23] [24] [25] [26] Additional analysis of the N-glycosylation biosynthesis pathway includes the assessment of glycan structures by MALDI-TOF-MS analysis. 27 This technique can also provide insight into which enzyme is defective and is useful in distinguishing mixed type I and type II CDGs from type II CDGs. If biochemical analysis suggests a specific gene or set of genes then mutation analysis is performed by sequencing all the exons from the candidate genes. However, biochemical analysis cannot always pinpoint a gene, but rather only indicates whether the CDG is type I or II or mixed type I and II. If two truncating or previously reported missense mutations are found, a report is issued. If the variants have not been reported, genetic complementation studies using viral vectors or yeast are commonly performed to confirm whether the identified variants impair glycosylation. 28 -31 In addition, molecular studies including transcript analysis, expression analysis, and the use of online prediction programs including PolyPhen, SIFT, and PANTHER can also help reveal whether the variants are deleterious. If these variants are confirmed to be deleterious, then the patient is diagnosed with a specific subtype of CDG.
Gene-by-gene mutation detection by Sanger sequencing is the current method for definitive diagnosis of CDG patients. Gene sequencing is ideal as most of the mutations identified to date in CDG patients are point mutations, small insertions, and deletions. Unfortunately, a comprehensive molecular diagnostic approach is not feasible with Sanger sequencing because of the costs and time involved for screening a group of genes that are implicated in CDG. It is estimated that more than 40% of patients diagnosed with CDG lack a confirmatory molecular diagnosis, due either to the limited molecular diagnostic testing available for this disorder or to patients having mutations in new genes not yet associated with CDG (Susan Sparks, personal communication, 2010). Because of the genetic heterogeneity and the severity of this disorder, there is a need to implement a high throughput assay in the clinical setting, which seems to be desirable and beneficial for CDG patients who currently lack genetic characterization.
Within the last 5 years, high throughput sequencing technology referred to as next generation sequencing (NGS) has successfully identified mutations in genes for a number of conditions including Sensenbrenner syndrome, Kabuki syndrome, and Miller syndrome. [32] [33] [34] NGS is also used for targeted resequencing applications and offers the unique opportunity to rapidly sequence all the relevant genes for a disorder in each patient. This technique is very attractive to molecular genetic diagnostic laboratories because it affords the opportunity to provide patients with a rapid and accurate diagnosis. Targeted resequencing requires a dual approach using sequence enrichment and NGS. A number of different target enrichment strategies are now available including microarray-based capture, in solution capture, and polymerase chain reaction (PCR)-based capture. [35] [36] [37] Two platforms are available for PCR-based capture. The platform introduced by RainDance Technologies™ (Lexington, MA) is a microdroplet-based method, whereas the platform introduced by Fluidigm™ (San Francisco, CA) uses the Access Array microfluidic platform. [37] [38] [39] After PCR, the amplified products are collected for each sample and prepared for NGS. There are several NGS platforms to choose from for targeted resequencing applications including Roche 454 GS FLX, Illumina Genome Analyzer, Applied Biosystems SOLiD, Helicos Biosciences HeliScope, and Pacific Biosciences SMRT. 40, 41 In this study, the development and validation of a NGS panel using the PCR-based capture methodologies RainDance and Fluidigm and the Applied Biosystems SOLiD platform to detect mutations in 24 known CDG genes is described, which allows for comprehensive molecular diagnostic testing for this disorder.
MATERIALS AND METHODS
All development was performed at Emory Genetics Laboratory (EGL), which is a CLIA-and College of American Pathologists-accredited high-complexity laboratory.
Positive control samples
Anonymous DNAs from 12 positive control CDG samples were provided by Dr. Hudson Freeze. These patients were previously analyzed biochemically, and full gene sequencing analysis confirmed disease-causing mutations in known CDG genes. Samples were collected by Dr. Freeze under an approved institutional review board from the Sanford-Burnham Medical Research Institute, and written informed consent was obtained for all patients.
Primers for individual gene exon amplification, PCR amplification, and Sanger sequencing
The transcript and genomic sequence data for all 24 CDG genes were accessed from the University of California Santa Cruz genome browser (http://genome.ucsc.edu/) and the Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index-.php). Based on this information, primers were designed to include at least 50 bp of each flanking intron. All primers were designed using Primer3.0 (http://frodo.wi.mit.edu/primer3/). To avoid overlap with single-nucleotide polymorphisms (SNPs), all primers were checked using an in-house developed bioinformatics primer design script written using Perl against the National Center for Biotechnology Information SNP database (http://www.ncbi.nlm-.nih.gov/SNP/) and the 1000 Genomes Project. Primers were also checked for repeat regions using the Repeat Masker program. Primers identified as containing a SNP or repeat regions were redesigned. A total of 288 unique primer pairs were created for all 24 genes. Primer pair sequences and amplicon sizes are available on request.
RainDance library preparation and DNA enrichment
A list of the 24 CDG genes was provided to RainDance Technologies™. A custom library was prepared, and primers were designed for all 215 coding exons (387 PCR amplicons) of these 24 genes including 50 bp of each flanking intron. The library amplicons ranged in size from 201 to 617 bp, with a guanine cytosine (GC) content of 25-70% and a total sequence of 101 kb. Oligos were synthesized, primer droplets were pre-pared, and all these droplets were pooled together to create the custom library. The RainDance library was checked for SNPs using Perl against the National Center for Biotechnology Information SNP database and for repeat regions using the Repeat Masker program.
A total of 1.5 g of genomic DNA was used for each positive control for DNA enrichment. The primer library and a template mix that included 1.5 g of fragmented genomic DNA and all the components of the PCR reaction excluding the primers were loaded on RainDance for PCR droplet preparation according to the manufacturer's instructions. Samples were run on the RDT 1000 machine and PCR droplets were generated. The PCR droplets were then amplified using an Applied Biosystems 9700 thermocycler under the following conditions: 94°C for 2 minutes, 55 cycles of 94°C for 15 seconds, 54°C for 15 seconds, and 68°C for 30 seconds, 68°C for 10 minutes, and then hold at 4°C. After amplification, the PCR droplets were broken to release the amplicons. The amplicons were purified, and the quality of the PCR products was analyzed using the 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). PCR products were subsequently used for SOLiD library preparation and sequencing.
Fluidigm library preparation and DNA enrichment
The Fluidigm library contained the primers designed for individual gene exon amplification, PCR amplification, and Sanger sequencing of the 24 known CDG genes. A total of 50 ng of DNA was used for all 12 positive control samples. DNA enrichment and PCR amplification were performed using the Fluidigm Access Array™ IFC according to the manufacturer's instructions. Briefly, the samples and primers were loaded individually and combined resulting in all possible combinations of primers and samples. The Access Array™ IFC then underwent thermal cycling, and all regions of interest were amplified. The PCR amplification conditions are provided in Table, Supplemental Digital Content 1, http://links.lww.com/GIM/A195. The PCR products were then harvested and pooled to achieve a final concentration of 300 ng. Pooled PCR products were subsequently used for SOLiD library preparation and sequencing.
SOLiD sequencing and data analysis
Amplified targets were sequenced on the Applied Biosystems SOLiD version 3 sequencer as single-end 50 bp reads according to the manufacturer's instructions. Filters used for mutation detection allowed reads to align if more than 25 bases (50% of read length) matched with 60% or more and any calls with a coverage of three or less and where the variant allele was Յ15% were filtered out.
Color reads from SOLiD were mapped to the hg19 reference genome using NextGENe software. Any base call that differed from the reference base was considered as a potential variant. A spreadsheet was created for each positive control sample that included the nucleotide variant calls for each gene, amino acid changes, coverage, and variant frequency from the NCBI dbSNP database. To improve the detection of indels NextGENe software's condensation tool was used, which lengthens reads and removes sequencing errors. Recommended settings by SoftGenetics were used.
Individual gene amplification
The Roche FastStart Taq DNA polymerase kit version 4.0 (no. 04738420001) was used for PCR amplification. Standard reaction conditions for PCR analysis per sample included 50 ng of DNA, 200 mol/L primers, 200 mol/L dNTPs, 1x PCR buffer with 1.5 mol/L MgCl 2 , and 1.25 units/reaction FastStart Taq DNA polymerase in a 96-well plate format. Amplification was performed using an ABI 9700 thermocycler under the following conditions: 95°C for 3 minutes, 10 cycles that decrease 0.5°C/cycle (95°C for 1 minute, 60°C for 1 minute, and 72°C for 1 minute), 25 cycles of 95°C for 1 minute, 55°C for 1 minute, and 72°C for 1 minute, 72°C for 7 minutes, and then hold at 4°C. All PCR products were examined by gel electrophoresis.
Sanger sequencing analysis
PCR products were purified using multiscreen 96-well filter plates. Purified PCR products were then cycle sequenced in both the forward and reverse directions using the BigDye Terminator Cycle Sequencing version 3.1 kit (Applied Biosystems, Foster City, CA). Sequencing reactions contained 4 L of purified PCR product, 1.
, and 0.75 L of dimethyl sulfoxide. Amplification was performed using an Applied Biosystems 9700 thermocycler under the following conditions: 24 cycles of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes and then hold at 4°C. The products were then sequenced on an Applied Biosystems 3730xl Sequencer. Mutation Surveyor™ software (www.softgenetics.com) was used for sequencing analysis. Patient sequences were compared with wild-type reference sequences, and the American College of Medical Genetics guidelines were followed for interpretation of sequence variation. 42 
RESULTS

Development of a CDG NGS panel
There are multiple genes implicated in CDG, and current molecular diagnostic testing is a gene-by-gene approach. The severity of this disorder and the fact that more than 40% of patients lack a molecular diagnosis made this group of disorders an excellent choice for creating a NGS panel. For this panel, in collaboration with Hudson Freeze, 24 genes were selected that are known to be associated with CDG (Table 1) . ALG1 sequencing analysis was included separately because this gene could not be placed on the panel due to the presence of a pseudogene. The number of patients identified with defects in these 24 genes varies, ranging from more than 800 patients with mutations in PMM2 to only one patient identified with mutations in ALG2. 43 Defects in most of these genes result in intellectual disability and different degrees of neuromuscular dysfunction. 44 The PCR-based enrichment methods RainDance and Fluidigm were used for sequence enrichment, which provide heightened specificity and thus greater accuracy. The Applied Biosystems SOLiD next generation sequencer was the platform of choice for NGS because each base is interrogated twice generating very accurate raw reads ideal for the clinical diagnostic setting. 40, 41 
Validation of a CDG NGS panel for detecting known mutations in CDG patients
Twelve positive control CDG patients were received for validation of the CDG NGS panel. These patients ranged in age from 3 months to adults, and many of these patients had overlapping phenotypes. 29 -31,45-49 These 12 positive controls were first biochemically characterized, and mutations were subsequently identified through sequencing of candidate genes. All mutations were confirmed by parental testing. In addition, these mutations were determined to be disease causing by biochemical and genetic complementation studies. 29 -31,45-49 Samples were blinded as to the disease-causing mutations. Both RainDance and Fluidigm PCR methods were used to enrich all coding exon sequences for the 24 known CDG genes for each patient. After PCR enrichment, samples were prepared for NGS and sequenced using the SOLiD platform, and data output was analyzed using NextGENe software. From the SOLiD sequencing data for each patient, a spreadsheet was created that included variant calls for each gene, amino acid changes, coverage, allele percentages, and variant frequency from the dbSNP database. Individual primers for all coding exons of these 24 genes were used to confirm the most likely detrimental variants detected by NGS. The sequencing run using RainDance for enrichment yielded 8,045,228 total reads and the sequencing run using Fluidigm for enrichment yielded 19,370,250 total reads; 2,627,018 (33%) matched reads of 8,045,228 total reads were obtained using RainDance, and 5,288,593 (27%) matched reads of 19,370,250 total reads were obtained using Fluidigm. The average coverage per base of the entire gene set was 455 for RainDance and 616 for Fluidigm. Approximately 48% of filtered reads for both enrichment methods mapped to the targeted amplicons. All previously characterized mutations were detected by NGS (Table 2). These positive control samples represented all the different types of mutations NGS can detect including missense changes (Fig. 1) , small insertions ( Fig. 2) and deletions (Fig. 3) , and intronic changes (Fig. 3 ) that can impact splicing. All the mutations had 13x or greater coverage (Table 2) . For all the heterozygous mutations, 23-74% of sequences contained the mutation, and for all homozygous mutations, 78 -100% of sequences contained the mutation (Table 2) . A total of 14 exons failed completely with RainDance, and a total of five exons failed completely with Fluidigm (Table 3) . This was most likely due to sequence complexity, bad library synthesis, and GC content of the fragment. Out of a total of 215 exons, only one exon using RainDance and eight exons using Fluidigm consistently showed less than 10x average coverage per base (Table 3) . There was 100% concordance between SOLiD system sequencing and the previously characterized mutations, thereby demonstrating that NGS technology can quickly and accurately identify mutations in CDG patients.
SOLiD sequencing also detected variants beyond the previously characterized mutations in these 12 positive control samples (Table 4) . A total of 550 variants were detected with 264 variants reported in the dbSNP database and 286 additional variants. Overall, RainDance detected more variants for the 12 positive controls, and 42% of variants for all 12 positive controls were detected by both enrichment methods; 32% of variants identified were unique to RainDance, and 26% were unique to Fluidigm. For the variant calls that were reported as dbSNPs, only 8 of 256 (3.1%) had less than 20x coverage. For the additional variant calls, 194 of 287 (67.5%) had less than 20x coverage. All the additional detected variants could not be confirmed due to lack of DNA, therefore it cannot be determined which PCR enrichment method was more prone to false Mutant allele % is represented as the highest allele % reported from either the RD or FD enrichment method. The additional variants detected by NGS were reported to be disease causing or predicted to be disease causing based on the bioinformatics online tools PolyPhen, SIFT, and PANTHER. RD, RainDance; FD, Fluidigm.
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positives for these 12 control samples. A false-negative rate could not be determined because the original testing was performed in another research laboratory, and the additional variants that were detected by Sanger sequencing are not available.
In the clinical setting, it would be helpful to reduce the number of variants that need confirmation by Sanger sequencing. Therefore, the data were filtered by eliminating the variant calls with a coverage of less than 15x. The homozygous variant calls with a mutant allele percentage Ͻ85 and heterozygous variant calls with a mutant allele percentage of Ͻ40 were eliminated ( Table 4 ). The result of filtering the data is represented by the superscript letter a with the numbers indicating the variant calls for each patient that are believed to be real and would, therefore, be candidates for Sanger sequencing (Table 4) . Filtering the data reduced the number of total variants to 203 vs. 550 without filtering the variant calls. Interestingly, based on these parameters for filtering the data, 94% of the unique variant calls detected by Fluidigm and 85% of the unique variant calls detected by RainDance were not likely to be real. In contrast, 27% of the variant calls detected by both RainDance and Fluidigm were not likely to be real. The percentage of variant calls detected by both PCR enrichment methods that were likely to be real was 73.
DISCUSSION
In this study, the use of NGS technology to accurately identify mutations in positive control CDG patients is described.
Sequence enrichment by RainDance and Fluidigm technology amplified most of the targeted coding sequences with high sensitivity, specificity, and accuracy. Samples that failed to amplify were PCR amplified and sequenced separately ( Table  3) . The fact that all the disease-causing mutations were detected by NGS establishes that this method is reliable for mutation detection in the clinical laboratory. These results demonstrate the robustness of this technology for sequencing many genes and its potential to provide a rapid and accurate molecular diagnosis in CDG patients who currently lack genetic characterization. However, following up NGS results with biochemical analysis is necessary, as it is likely that missense changes will be detected with clinical testing and their effect on enzyme function will need to be evaluated.
Benefits of a clinical CDG NGS panel
A clinical CDG NGS panel was recently launched in the molecular genetics diagnostic clinic at EGL. For clinical testing, RainDance was chosen as the sequence enrichment method because with this technology one sample can be processed at a time, which is very important when clinical testing is performed for rare disorders and the sample volume will remain small. RainDance is also ideal for resequencing large numbers of exons, which is beneficial if many genes are implicated in a genetic disorder. Individual gene Sanger sequencing is also available in the laboratory for use when a single gene is bio- chemically indicated or for familial mutation analysis. The clinical presentation and severity of CDG symptoms varies from patient to patient and for the different subtypes making it difficult to predict which gene could be defective in patients. With no direct candidate gene for Sanger sequencing, these patients end up being diagnosed with an unknown type of CDG (CDG-Ix or CDG-IIx). Therefore, molecular testing using a panel of known CDG genes will expedite the process of identifying which gene is defective in patients. Implementation of the CDG NGS panel in the clinical laboratory will reduce the number of patients without genetic characterization, shorten a patient's time to diagnosis, facilitate genetic counseling, and could improve patient management by providing insight into possible future complications that are associated with defects in each gene and by helping to determine which patients could benefit from current therapies. Molecular diagnosis of additional patients with CDG will provide an estimate of the prevalence of each subtype and enable the study of genotype/ phenotype correlations. As more patients receive a molecular diagnosis, a comprehensive database can be developed that will encompass information for all the known subtypes of CDG and will be an invaluable resource to clinicians and researchers involved with this disorder.
If there is a clinical suspicion of CDG, it is more costeffective to look for mutations in the 24 CDG-associated genes as opposed to a gene-by-gene approach. The average gene contains 10 exons, and it costs approximately $1000 for a molecular diagnostic laboratory to PCR, sequence, and clinically interpret and report the results through a genetic counselor. Labor and laboratory overheads are also included in this estimated cost. Alternatively, to screen for mutations in all 24 CDG-associated genes by NGS, the cost is $5000 and includes all the services listed earlier. Therefore, NGS is a viable alternative compared with the gene-by-gene approach, which was the only method available before the advent of this innovative technology. NGS technology will also drastically reduce costs in the clinical laboratory when other gene panels become available for more genetic disorders.
Targeted CDG panel versus whole exome or whole genome sequencing in a clinical setting
Lately, there are a number of publications that have used whole exome sequencing to molecularly diagnose patients. 34,50 -52 This approach is essentially a gene discovery tool. Whole exome sequencing will also be used for new gene discovery for CDG. However, if new genes are identified for CDG, there will have to be other studies to determine whether defects in these genes impair glycosylation and whether these genes belong to a glycosylation biosynthesis pathway or in a pathway that influences glycosylation, which is beyond the scope of the clinical laboratory. Until these studies are performed, it is impossible to interpret whether the variants identified by whole exome sequencing are disease causing and result in CDG. This is especially true for identified missense variants. These findings cannot be reported in the clinical setting, until there is enough evidence that defects in these novel genes are associated with CDG. Furthermore, the necessary coverage is also not well established for accurate variant calling with whole exome or whole genome sequencing, and data analysis would take approximately 6 months to 1 year. Adequate bioinformatics support would also be required for all the data generated from these approaches. It is unknown what the true false-positive and falsenegative rates are with whole exome or whole genome sequencing, but the costs associated with whole exome or whole genome sequencing are currently not feasible for adoption in the clinical setting. Therefore, it remains to be seen how these approaches will be adopted in the clinical laboratory. These current limitations highlight why a given panel approach is beneficial for a rapid patient diagnosis and reporting results in a reasonable turn around time.
If CDG is suspected in a patient based on biochemical analysis, a targeted CDG NGS panel makes sense, and this targeted approach offers adequate sensitivity and specificity. Furthermore, mutations in genes on this panel can be interpreted, and the results can be reported as loss of function mutations in these genes certainly causes CDG and the location of these genes within the glycosylation pathway or their involvement in glycosylation is known. This targeted panel also has implications for prenatal testing. If there is a family history of CDG and the NGS panel identifies the disease-causing mutations, the carrier status can be determined for future pregnancies. It is important to note that at this time CLIA and the College of American Pathologists have no guidelines for validation and use of NGS in a clinical laboratory. Nevertheless, this validation demonstrates NGS technology can be adopted in the clinical setting to improve patient diagnosis.
As 1% of the human genome encodes proteins directly involved in glycan assembly, it is likely that additional genes implicated in CDG will be found. 53 These genes will eventually be added to a new version of the CDG NGS panel after thorough review. The targeted CDG NGS panel did not include the gene ALG1 because highly multiplex PCR lacks the specificity to differentiate between active genes and pseudogenes. Therefore, genes that have associated pseudogenes will need to be analyzed separately by Sanger sequencing. This is important to keep in mind as NGS panels are created for other disorders. As more subtypes of CDG are identified, the nomenclature for CDG will most likely change. Currently, different subtypes of CDG are named alphabetically based on the order the new subtypes are discovered, 16 although a new nomenclature system 
Genetics IN Medicine • Volume 13, Number 11, November 2011 Next generation sequencing approach for diagnostic testing has been adopted that uses the gene name followed by the suffix "-CDG" and is already being used in the literature. 54 Coverage of all target regions for the CDG NGS panel Coverage can vary due to library preparation and the choice of target enrichment method. Nine low-coverage exons (coverage Ͻ10x) were present in these 24 genes requiring Sanger sequencing of these exons to analyze whether mutations are present in these regions (Table 3 ). Whole exons with low coverage could be due to high GC content and sequence complexity. Additionally, there were 19 exons with no coverage (Table 3) . For RainDance enrichment, all exons from GNE failed to amplify due to bad library synthesis and had to be Sanger sequenced. There was also panel-wide difficulty in amplifying exon 1 mainly due to GC content. A high level of multiplexing and special PCR conditions for amplifying GCrich exons is needed for amplification. It is estimated with RainDance Technology that there can be up to a 10% library failure rate. A similar failure rate was experienced with Agilent SureSelect™ (data not shown). The number of exons that failed to amplify varied from sample to sample. In this study, Fluidigm generally had greater coverage than RainDance because Fluidigm uses singleplex PCR, which results in a greater number of copies of each amplicon versus the multiplex PCR performed by RainDance. Sanger sequencing is required for confirmation of NGS results because variants with low coverage may be true positives. This would apply to all variants with less than 15x coverage identified in the coding region or close to the coding region. Therefore, caution must be exercised when doing analysis from NGS data. Hence, NGS panels will need to be complimented with Sanger sequencing for some exons for adequate sequencing of whole genes and for analysis of mutations.
It will be important to analyze enrichment data for each exon independently from each gene in a panel for coverage, and any exon below 15x coverage should be Sanger sequenced to avoid the possibility of a false-negative result making Sanger sequencing a necessary compliment to NGS.
Recommendations for data analysis for clinical NGS
As demonstrated for the clinical validation for CDG, it is important to confirm the variants identified from NGS by Sanger sequencing before reporting results to rule out the possibility of a false-positive result. Although NGS accurately identified the disease-causing mutations in all 12 of these positive control patients, there were a total of 550 variants in these patients. More variants were detected using Fluidigm for enrichment compared with RainDance. This is most likely due to different library designs and differences in the analysis algorithm. Further analysis of the data and eliminating variants that are likely to be false positives can drastically reduce the number of variants that need to be confirmed by Sanger sequencing. Variants that are silent changes, reported SNPs, or not likely to impair gene function are not a priority for Sanger sequencing. The data were filtered by taking into account low coverage (Ͻ15x), low-quality score (0 -100, Ͻ10), and the percentage representation of the mutant allele (homozygous or hemizygous variant: Ͼ80% mutant allele and heterozygous variant: ϳ50:50 wild type to mutant ratio). This significantly reduced the number of variant calls that were believed to be real eliminating the majority of variants that would need to be confirmed by Sanger sequencing (Table 4) . However, based on the coverage or the mutant allele percentage of the disease-causing mutations, some of these would have been overlooked for Sanger confirmation. For example, Patient 0012 has the deletion c.897_899delAAT with a coverage greater than 30x for both RainDance and Fluidigm, but the deletion allele percentages were below 24. Based on the filtering parameters, this mutation would have been eliminated for Sanger confirmation due to the low allele percentage. Therefore, a cutoff of 15x coverage along with a thorough assessment of allele representation and the potential of the variant to be deleterious is necessary to select variants for Sanger confirmation and can help eliminate false positives. Direct assessment of each variant for coverage, quality score, mutant allele percentage, and whether the variant was detected previously and how many times can also help determine the selection of variants for Sanger confirmation. For example, novel silent variants not documented in the dbSNP database but detected in NGS runs in multiple samples and are within the defined selection parameters and have been confirmed at least once probably need not be selected again for Sanger confirmation.
When both enrichment methods were used, more than 73% of the variant calls were believed to be real based on the filtering parameters. However, running a patient sample two times is not cost-effective in the clinical setting and would require a large amount of DNA for NGS and Sanger confirmation of detected variants. It is more reasonable to use at least two programs for data analysis as this will further improve the accuracy of the data set and avoid false negatives and reduce false positives, thereby reducing cost of the overall test. Examples of programs are NextGENe (SoftGenetics LLC, State College, PA) Bioscope (Life Technologies, Carlsbad, CA), and Corona Lite (Life Technologies, Carlsbad, CA) software. Different analysis software including Integrated Genomics Viewer (BROAD Institute) and software from Genologics and CLC bio are available commercially. Biochemical data previously obtained from analysis of transferrin, serum-, or cell-derived glycans, metabolic labeling, or cell-associated markers can also help to focus on or eliminate selected candidate genes and variants. A well-coordinated combination of biochemical and genetic information can reduce the extent of confirmation by Sanger sequencing.
Limitations of mutation detection using NGS for clinical testing in CDG patients
As clinical testing continues, it is possible that NGS may only identify one mutation in a patient suggesting a large deletion may be present that is not detectable by NGS. Therefore, another approach is necessary to detect these types of mutations. EGL is the first laboratory to develop a molecular array to detect large duplications and deletions and currently offers this service for more than 200 disease-associated genes. 55 The frequency of large deletions and duplications in CDG patients are currently unknown, as most mutations identified to date are point mutations, splice site mutations, and small insertions or deletions. Further testing for intragenic duplications or deletions in these 24 genes will be conducted using targeted array comparative genomic hybridization (aCGH). Genomic loci from all 24 genes will be investigated on a single 60K format aCGH from Oxford Gene Technologies. Alternatively, it is possible that the second mutation could be a noncoding change deep within the intronic region. The only caveat from detecting these changes is that interpretation would be difficult unless functional studies were performed to prove these changes affect splicing, which is typically not performed in a clinical laboratory. Use of both of these technologies in the clinical laboratory will allow for a thorough evaluation of whether mutations are present in the known genes associated with a disorder.
A new disease paradigm may become common with the use of NGS technology
Although NGS successfully identified the disease-causing mutations in all 12 positive controls, it also uncovered additional variants in different genes for patients CDG-0012, CDG-0216, and CDG-0270. These additional variants were previously reported disease-causing mutations or novel changes predicted to be deleterious. 8 It is currently unknown whether these additional changes contribute to the phenotype in these patients. These additional findings were confirmed by Sanger sequencing and reported to Hudson Freeze. This brings up the possibility of new disease paradigms as a result of using NGS panels for a set of genes known to be associated with a particular disorder. As CDG is an autosomal recessive disorder, the detection of additional variants suggests the possibility of synergistic heterozygosity. A previous study pointed to this disease paradigm when several patients were found to have significant reductions in energy metabolism due to partial defects in one or more metabolic pathways. 56 It is possible that partial defects in more than one gene within or associated with the N-glycosylation biosynthesis pathway could result in CDG. Although this has yet to be demonstrated, it is an intriguing possibility especially when only one mutation is identified in a single gene and aCGH does not detect the second mutation, or a single mutation is identified in two different genes within this pathway. In patients for whom this is the case, it will be important to perform biochemical analysis to determine whether the variants reduce enzyme function. Synergistic heterozygosity also has implications in the diagnosis of CDG where mutations may not be identified in a single causative gene or set of genes that were chosen as the likely candidates based on biochemical testing. Again, this is a situation in which the CDG NGS clinical panel will be beneficial because it will test 24 genes currently associated with this disorder resulting in a better chance of identifying the gene defect in these patients compared with testing one or several genes individually. As NGS technology gains ground in the clinical setting and more evidence emerges for multiple partial defects in different genes causing a clinical phenotype, it is possible that synergistic heterozygosity may become accepted as a common disease mechanism.
Algorithm for molecular diagnosis of CDG
A combination of biochemical and molecular approaches is used to diagnose a patient with a specific subtype of CDG (Fig.  4) . The first step in determining which CDG subtype a patient has is through biochemical studies. In some cases, clinical data and biochemical testing can provide insight into the gene defect, and Sanger sequencing of the suspected gene identifies two mutations leading to a molecular diagnosis of which subtype of CDG the patient is afflicted with and the case is then reported. This is common for patients with type I defects. However, biochemical testing cannot always reveal the gene defect, especially in patients with combined type I and type II defects or type II defects. If biochemical testing is inconclusive, the CDG NGS clinical panel is used. If two mutations are identified in 1 of the 24 genes on the panel or in the ALG1 gene and they are previously reported mutations or likely to impair protein function, the case is reported, and the patient is given a diagnosis of a specific subtype of CDG. However, if NGS or direct sequencing of candidate genes reveals only one mutation, further investigation is needed. In these cases, aCGH will be performed to determine whether the second mutation is due to a large deletion. If the second mutation is identified using this approach, the case is reported, and the patient is given a diagnosis of a specific subtype of CDG. If the second mutation is not identified by aCGH, consent will be sought for the patient sample to be analyzed by whole genome sequencing in a research setting.
It is important to keep in mind that NGS may detect novel deleterious variants in these genes. However, these findings should be complemented with biochemical testing if possible. If detected potential deleterious variants have not been reported before, enzyme activity will need to be assessed using established assays. A reduction in enzyme activity would be evidence that the variant impairs gene function. Unfortunately, convenient, clinic-friendly biochemical assays are not available for the great majority of CDG-related genes. Therefore, NGS alone will probably not be enough. Further "genetics" approaches that are used in the laboratory for interpreting potential deleterious variants include confirming whether the mutations were inherited from the parents or confirming concordance with affected family members. Diagnosing a patient using both biochemical and molecular approaches will increase the power of diagnostic testing for this group of disorders.
CONCLUSION
NGS is a sensitive high-throughput method that allows for simultaneous assessment of 24 genes implicated in CDG. The clinical CDG NGS panel offers a more cost-effective and quicker molecular diagnostic test compared with the conventional gene-by-gene approach by Sanger sequencing. Adoption of this technology in the clinical laboratory will provide a more efficient and rapid diagnosis for patients with CDG who currently lack molecular characterization. This in turn will allow for early confirmation of the diagnosis and earlier treatment of symptoms. Therefore, NGS has great potential in the molecular diagnostic laboratory for many disorders that are associated with defects in multiple genes. tional Science Award Program, National Institutes of Health, National Center for Research Resources. The authors thank the patients who participated and made this study possible. They also thank Miao He, PhD, for helpful suggestions.
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